Objectives Poor weight gain during the first weeks of life in preterm infants is closely associated with the risk of developing the retinopathy of prematurity (ROP) and insufficient nutrition might be an important contributing factor. This study aimed to evaluate the effect of energy and macronutrient intakes during the first 4 weeks of life on the risk for severe ROP (stages 3-5). Study design A population-based study including all Swedish extremely preterm infants born before 27 gestational weeks during a 3-year period. Each infant was classified according to the maximum stage of ROP in either eye as assessed prospectively until full retinal vascularisation. The detailed daily data of actual intakes of enteral and parenteral nutrition and growth data were obtained from hospital records. Results Of the included 498 infants, 172 (34.5%) had severe ROP and 96 (19.3%) were treated. Energy and macronutrient intakes were less than recommended and the infants showed severe postnatal growth failure. Higher intakes of energy, fat and carbohydrates, but not protein, were significantly associated with a lower risk of severe ROP. Adjusting for morbidity, an increased energy intake of 10 kcal/kg/day was associated with a 24% decrease in severe ROP. Conclusions We showed that low energy intake during the first 4 weeks of life was an independent risk factor for severe ROP. This implies that the provision of adequate energy from parenteral and enteral sources during the first 4 weeks of life may be an effective method for reducing the risk of severe ROP in extremely preterm infants.
INTRODUCTION
The retinopathy of prematurity (ROP) is a common complication in preterm infants, especially in extremely preterm infants (<27 gestational weeks) and may lead to severe visual impairment. Consequently, ROP remains one of the leading causes of childhood blindness in the US and Europe. 1 The incidence of severe ROP (stages 3-5) in extremely preterm infants born in countries with well-developed neonatal intensive care ranges between 10% and 35%. 2 The disparities in incidence may be partly explained by different survival rates of the most preterm infants but may also reflect varying exposures to risk factors at different hospitals.
Prematurity and oxygen exposure are the two most well-known risk factors for ROP development; 3 ROP has a two-phase pathogenesis. In the first phase, during the first weeks of life, the hyperoxia of the immature retina leads to a suppression of growth factors and an arrested retinal vascularisation. 2 However, ROP occurs even when oxygen administration is strictly controlled, 4 and very little is known about other risk factors in the neonatal intensive care unit (NICU) environment contributing to this disrupted retinal vascular growth.
Extremely preterm infants are also at high risk of malnutrition while treated at the NICU and commonly show severe postnatal growth failure during the first 4 weeks of life. 5 It has previously been shown that a poor weight gain during the first few weeks of life in preterm infants is closely associated with the risk of developing ROP, [6] [7] [8] suggesting that insufficient nutrition might be an important contributing factor. However, there is a paucity of studies regarding the possible impact of early nutrition on ROP incidence in extremely preterm infants.
The aim of this study was to evaluate the effect of energy and macronutrient intakes during the first 4 weeks of life on the risk of severe ROP in a population-based cohort of extremely preterm infants in Sweden and to assess the possible independent effects of these nutrient intakes when taking other risk factors into account.
METHODS

Study population
In this study, we used data from the Extremely Preterm Infants in Sweden Study (EXPRESS). This is a population-based cohort, including all infants with a gestational age at birth of 22 weeks + 0 days to 26 What is already known on this topic
Retinopathy of prematurity (ROP) is a common complication in preterm infants. Low birth weight and poor early weight gain are known risk factors for ROP.
What this study adds
Low energy intake ( parenteral and enteral) during the first 4 weeks of life is an independent risk factor for severe ROP in extremely preterm infants.
mortality and early nutrition and growth have been previously reported. 5 9-11 For the current study, we included all infants from the EXPRESS cohort who were evaluated for ROP until full retinal vascularisation, except those with major congenital or chromosomal anomalies. The final study cohort consisted of 498 infants.
Data collection
ROP data were collected prospectively for all infants in the EXPRESS cohort as described previously. 12 Briefly, the screening for ROP was performed weekly or biweekly from the fifth postnatal week and continued until the retina was completely vascularised or regression of ROP was observed. ROP was classified according to the revised international classification from 2005. 13 Each infant was classified according to the maximum stage of ROP in either eye. For treatment decisions, the Early Treatment for Retinopathy of Prematurity Cooperative Group recommendations criteria were followed. 14 Detailed nutrition and growth data were obtained retrospectively from hospital records as previously described. 5 In summary, data on actual intakes of all enteral and parenteral fluids were retrieved for each day of life from day 0 (birth) through day 28. In total, nutrition data from 14 442 days were collected from the included infants. All available data on weight, length and head circumference were also retrieved. Nutrition was assessed as intakes of energy (kcal/kg/day) and macronutrients ( protein, fat and carbohydrates, (g/kg/day)) from all parenteral and enteral products. Nutrient intakes were determined using nutritional content data from the manufacturers and from human milk analyses. The methods and results from the human milk analyses have been reported in detail previously. 15 Total fluid and nutrient intakes included transfused blood products as well as drug infusions and flush solutions. Total macronutrient intakes were calculated as the sum of intakes from enteral and parenteral sources. SD scores (SDS) for weight were calculated as previously described 5 based on a Swedish, gender-specific growth chart. 16 Background data and NICU data were prospectively collected as previously described. 5 9 10 In this study, we used data on gestational age at birth, birth weight (grams and SDS), Clinical Risk Index for Babies (CRIB) score, mechanical ventilation (days), postnatal steroid treatment (days), antibiotics treatment (days), patent ductus arteriosus (PDA) (any treatment or surgery), intraventricular haemorrhage (IVH) grade ≥3 and study hospital (categorical variable). The blood transfusions (mL/day) and proportion of enteral fluids were retrieved with the nutritional data and were also included as markers of morbidity.
Statistical analysis
Data were analysed by using SPSS Statistical software (V.21.0 for Windows, SPSS, Chicago, Illinois, USA) and R (V.3.01). 17 Logistic regression analyses were first used to assess the effects of each of the different risk factors on the risk of severe ROP, adjusting for gestational age and birth weight. Significant risk factors were then further analysed in multivariate logistic regression models using forward conditional approach. p Values of <0.05 were considered statistically significant. Data are stated as mean and 95% CI.
Logistic regression analyses were performed, adjusting for gestational age and birth weight, testing the associations between intakes of energy and each macronutrient (protein, carbohydrates and fat) and severe ROP during different time intervals during the first month of life: week 1 (days 0-7), week 2 (days 8-14), week 3 (days 15-21), week 4 (days 22-28) and weeks 1-4 (days 0-28). Energy intake and the energy percent of protein, carbohydrate and fat intakes between 0 and 28 days were then included in a forward conditional multivariate regression analysis, with severe ROP as the dependent variable, adjusting for gestational age and birth weight.
Relevant morbidity-associated variables were tested using logistic regression analyses, adjusting for gestational age and birth weight. A previous article identified poor growth, PDA, mechanical ventilation and postnatal steroids as risk factors of severe ROP. 10 Since CRIB score, IVH ≥ grade 3, postnatal steroids and antibiotics interferes with postnatal growth, 5 9 these variables were included together with data on the blood transfusions and proportion of enteral fluid intake as markers of morbidity.
In a final model, all significant risk factors from the above analyses were included in a multivariate logistic regression model using a forward conditional approach: gestational age, birth weight, energy intake 0-28 days, mechanical ventilation 0-28 days, blood transfusions 0-28 days, proportion of enteral fluid intake 0-28 days and PDA surgery at any time before ROP treatment. To consider other, not included, risk factors that may vary between hospitals, a second multivariate analysis was performed, including a categorical hospital variable.
RESULTS
Of the initial cohort of 707 live born infants, 196 were excluded due to death before complete ROP evaluation and an additional seven were excluded due to major congenital or chromosomal anomalies (two limb reduction defects, one gastrointestinal malformation, three multiple congenital anomalies and one Down's syndrome). Of the remaining 504, complete nutritional data was available for 498 infants (99%). Mean gestational age was 25.4±1.1 weeks and mean birth weight was 776±167 g (SDS −0.75±1.21), 55% were male. The distribution of stages of ROP was as follows: 27.5% had no ROP; 15.3% had ROP stage 1; 22.7% had ROP stage 2; 33.3% had ROP stage 3; 0.6% had ROP stage 4 and 0.6% had ROP stage 5.
Of the 498 infants, 172 (34.5%) had severe ROP (stages 3-5) and 96 (19.3%) were treated. The intakes of fluids, energy and macronutrients during the first 4 weeks of life in infants with no ROP, ROP stages 1-2 and ROP stages 3-5 are shown in table 1. The infants also showed a severe postnatal growth failure, with a mean±SD decrease in SDS for the weight of 1.4±0.6 during the first week of life and an additional decrease of 0.7±0.8 in SDS during the following 3 weeks.
The associations between intakes of energy and each macronutrient ( protein, carbohydrates and fat) and severe ROP during different time intervals are shown in table 2. Similar analyses were also performed for the time intervals 0-14, 15-28, 8-21, 0-21 and 8-28 days (data not shown). A higher energy and fat intake at each of these time intervals were significantly associated with a lower risk of severe ROP, with the lowest ORs at 0-21 and 0-28 days. A higher intake of carbohydrates at most time intervals were significantly associated with a lower risk of severe ROP, with the lowest OR at 0-28 days. A higher intake of protein was significantly associated with a lower risk of severe ROP during days 22-28 but not during any of the other time intervals (table 2) . In these analyses, energy intake had the lowest OR and the highest level of significance. In the multivariate analysis including energy and macronutrient intakes at 0-28 days, only energy intake remained a significant predictor of severe ROP.
The associations between changes in weight SDS and the risk of severe ROP were tested within the same intervals as for macronutrient intakes, adjusting for gestational age and birth weight. There was a trend of lower risk of severe ROP with more positive weight SDS change, but this did not reach significance (table 3) . However, when infants with gestational age <23 weeks at birth were excluded (n=4), this association became significant. The effects of morbidity-associated variables on the risk of severe ROP are shown in table 3.
Finally, all significant nutritional and non-nutritional risk factors from the above analyses were included in two multivariate logistic regression models, the latter also including hospital as a variable. The results are presented in table 4. Energy intake was highly significant in both of these models, p values 0.006 and 0.001, respectively. OR (95% CI) for the risk of severe ROP at different energy intakes, adjusted for birth weight, mechanical ventilation and blood transfusions, are shown in figure 1 . We present OR for the interval 0-28 days ( figure 1A ) and also for 8-28 (figure 1B) days since the energy intakes during this period was much higher than during the first week.
DISCUSSION
The first phase of ROP development occurs during the first few weeks of life. In this population-based cohort, we found that lower energy and fat intakes (enteral plus parenteral) during the first 4 weeks of life were strongly associated with the increased risk of developing severe ROP. Low carbohydrate intakes during the same period were also significantly associated with severe ROP. Surprisingly, protein intakes were only significantly associated with severe ROP during the fourth week. In multivariate analyses, energy intake remained a highly significant explanatory variable, even when including other risk factors. In the final model, the OR for energy intake was 0.76 suggesting that an increase of energy intake by 10 kcal/kg/day during the first 4 weeks of life is associated with a decrease of 24% in the risk of developing severe ROP.
As previously reported, these infants received macronutrient intakes which were less than recommended. 5 According to recent international recommendations, enteral energy requirements of very low birth weight infants beyond the first few days of life are 110-130 kcal/kg/day. 18 Recommendations for parenteral energy intakes are lower: 105-115 kcal/kg/day 19 or 110-120 kcal/kg/day. 20 As shown in figure 1 , there is not a sharp cut-off below which the risk of severe ROP increases, but the figure indicates that the lowest currently recommended intakes, that is, 105-110 kcal/kg/day may be too low, at least during days 8-28. Our data do not permit a full analysis of the reasons for infants at risk of severe ROP not receiving adequate energy intakes. However, the insufficient fortification of breast milk, lack of concentrated parenteral solutions and poor routines for nutrient intake calculations might have contributed.
The quality of lipid intake may be important since there is some evidence that increasing ω-3 long-chain polyunsaturated fatty acids reduces the risk of ROP. 21 22 In the current study, only a purely soy-based lipid emulsion (Intralipid, Fresenius Kabi AB, Uppsala, Sweden) was used for parenteral nutrition, which has a very low content of ω-3 long-chain polyunsaturated fatty acids. However, fatty acid intakes of the infants in this study are not known and are likely to be more variable considering that they received most of their fat intake from human milk and fatty acid contents of human milks were not analysed in this study. Our results suggest that the energy intake from fat may impact the risk of severe ROP regardless of the fatty acid content.
Low birth weight and low gestational age are well-known risk factors for ROP. Birth weight was the slightly stronger predictor and remained when adjusting for gestational age (table  4) , which has also been observed in previous studies 23 suggesting that intrauterine growth restriction is associated with the increased risk of ROP. Even though several previous studies have shown a significant association between a poor weight gain during the first weeks of life and severe ROP in preterm infants 7 24 25 we observed a non-significant trend in the whole population and a significant association only when infants born <23 weeks of gestational age were excluded, which has already been reported. 26 Since most previous studies showing this association have included more mature infants, usually with an average gestational age at birth of 27-28 weeks, our observations suggest that the association between weight gain and severe ROP in preterm infants may be weaker at the very lowest gestational ages at least during the first 4 weeks of life. Furthermore, since a low energy intake was a stronger risk factor than poor weight gain in this study, our results indicate that growth may not be in the causal chain of ROP pathogenesis, which was suggested also by VanderVeen et al. 27 As we have previously shown, growth is affected by energy and protein intake and by disease-related factors. 5 Growth in extremely preterm infants is also influenced by insulin growth factor 1 (IGF-1), which is lower in extremely preterm infants. 28 The other independent risk factors for severe ROP that we observed in this study were mechanical ventilation and blood transfusions. Mechanical ventilation is likely a proxy for oxygen exposure, which is a known risk factor for ROP. Blood transfusions have previously been shown to be a risk factor for ROP, which might be due to increased oxidative stress due to iron load from blood transfusions. 29 An alternative explanation is that blood transfusions is a proxy for high oxygen exposure in preterm infants with severe lung disease. As has been reported previously there were some regional differences in the incidence of ROP between hospitals, 11 and in our analyses, this difference remained when adjusting for nutrition and morbidity. This might be due to unaccounted confounding by variables not included in our data set or possibly due to diagnostic differences. However, the fact that the hospital variable did not affect the association between energy intake and severe ROP indicates that our main result is robust.
Based on our current results and previous published studies, we propose a mechanism for the first phase of ROP pathogenesis (figure 2). In this model, we suggest that a low energy intake during the first 4 weeks of life can lead to arrested vascularisation either through a decrease in IGF-1 alone or in combination with a decrease in other angiogenic promoting factors or poor nutrient supply to the growing vessels. Undernutrition with regard to energy and/or protein is known to result in reduced plasma levels of IGF-1 but there seems to be a threshold energy requirement under which the protein intake does not increase IGF-1. 30 The fact that we did not find a correlation between protein intake and severe ROP (except for days [22] [23] [24] [25] [26] [27] [28] suggest that the energy intake might have been below that threshold for a majority of the infants.
Strengths of this study include a population-based cohort, detailed data on nutritional intakes, growth and other risk factors for ROP. Comparing with the only other similar study published 27 our nutrient data for each infant is based on data from 28 consecutive days as compared with only 4 days and our study includes many more risk factors for ROP. Limitations of our study are the retrospective data collection, the lack of direct data on oxygen exposure and possible unaccounted confounding. Furthermore, the fatty acid composition of the breast milks was not analysed.
In conclusion, the results from this study suggest that the provision of adequate energy from parenteral and enteral sources during the first 4 weeks of life may be an effective method for reducing the risk of severe ROP in extremely preterm infants. Figure 2 Proposed mechanism of the first phase of retinopathy of prematurity pathogenesis during the first four postnatal weeks. IGF-1, Insulin-like growth factor 1; ROP, retinopathy of prematurity; VEGF, vascular endothelial growth factor; EPO, erythropoietin.
